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Abstract
Matrix metalloproteinases (MMPs) are a family of zinc proteases that degrade most of the components of the
extracellular matrix (ECM). MMPs also have a number of non-traditional roles in processing factors related to cell
growth/proliferation, inflammation and more. There are 23 human MMPs and 23 mouse MMPs, most of which
share orthology among most vertebrates; other examples have been found in invertebrates and plants. MMPs are
named in order of discovery, but also have been grouped by domain structure or by phylogenetic analysis. MMPs
are multi-domain proteins which generally contain a signal sequence; propeptide (which keeps the protein
inactive until cleaved); catalytic domain; and a hemopexin-like domain (which provides substrate specificity).
MMPs are thought to play a role in many disease states, including arthritis, vascular disease, lung injury, wound
repair, cancer and various neurodegenerative disorders. Although there has been much clinical interest in MMP
inhibitors (MMPIs), few trials have been successful — often due to the broad nature of inhibition and the
complex role of different MMPs in a given disease state.
Keywords: MMPs, MMPIs, zinc endopeptidases, gene family, evolution, disease, cell growth, proliferation, inflammation,
arthritis, vascular disease, lung injury, wound repair, cancer, neurodegenerative disorders

Introduction
The extracellular matrix (ECM) plays a role in
adhesion, growth, apoptosis and cell –cell communication, and regulation of these functions is
critical to cellular activities. One family of proteins
which functions in the regulation of the ECM is
the matrix metalloproteinases (MMPs; also called
matrixins). MMPs belong to the metzincin superfamily (zinc endopeptidases), which consists of
ADAMs (a disintegrin and metalloproteinase),
ADAMTSs (a disintegrin and metalloproteinase
with thrombospondin motifs), bone morphogenetic
protein 1/tolloid-like metalloproteinases (BMPI/
TLLs), meprins and MMPs.1 MMPs are zinc proteases which have the ability to degrade most components of the ECM, as well as act on an extremely
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broad array of extracellular components.2 The first
MMP — an interstitial collagenase (MMP1) — was
discovered by Gross et al. 3 in 1962, and had the
ability to degrade collagen. In the Matrix
Metalloproteinase Conference (Destin, Florida
1989), MMPs were assigned sequential names and
defined using biochemical characteristics, including: appearance in a latent form; inhibition by
tissue inhibitor of metalloproteinase (TIMP); ability
to hydrolyse at least one ECM component; and
presence of zinc as an intrinsic metal ion.4 Since
then, research on MMPs has expanded greatly, and
23 human and 23 mouse MMPs are known, of
which most, but not all, share orthology.
MMPs are typically synthesised as preproenzymes and secreted immediately (exceptions
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include MMP8 and MMP9, which can be stored
in the granules of neutrophils5) in an inactive form.
Activation of MMPs can occur extracellularly by
proteolytic cleavage by other MMPs or by serine
proteinases (eg plasmin). Alternatively, MMPs with
a furin recognition sequence (MT-MMPs,
MMP11, MMP21, MMP23B and MMP28) are
activated in the Golgi apparatus and released in a
proteolytically active form. Active MMPs are regulated by inhibitors such as TIMPs and the general
plasma proteinase inhibitor a2-macroglobulin.6
Other forms of regulation of MMPs include transcriptional control and control of translation and
secretion. Expression of MMPs can be initiated by
transcription factors, including activator protein-1
(AP-1), nuclear factor kappaB (NF-kB) and serum
amyloid A-activating factor (SAF-1), especially via
pro-inflammatory cytokines.7
MMPs are multi-domain proteins, which typically contain a signal sequence (targets the peptide
for secretion); a propeptide; a catalytic domain; a
linker domain (also called a hinge region); and a
hemopexin-like domain.8 Figure 1 shows the
domain composition of all of the human MMPs.
The catalytic domain (metalloproteinase activity)
contains a well-conserved zinc-binding motif
(HEXXHXXGXXH), in which three histidines
bind the catalytic zinc ion. In the inactive form,
the cysteine switch motif (PRCGXPD; present in
the propeptide domain of all human MMPs except
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MMP23B) keeps pro-MMPs latent by a Cys–Zn2þ
interaction, which prevents a key hydrolytic water
from binding to the zinc ion;9 removal of parts of
the propeptide and cysteine switch allows activation
of the enzyme. The hemopexin-like domain contributes to substrate and/or ligand specificity, subcellular localisation and activation/inhibition of
various MMPs.10 In gelatinases, the gelatin-binding
domain (fibronectin type II motif ) is also thought
to play a role in substrate specificity.
In addition to their cellular matrix degrading
activities, MMPs play a role in the proteolytic activation or degradation of many other molecules,
especially those related to inflammation.7 MMPs are
thought to affect leukocyte infiltration of
tissues from the peripheral circulation — directly by
degradation of the basement membrane by MMP2
and MMP9 and indirectly by regulating expression
of adhesion molecules. MMP2 cleaves big
endothelin-1 (ET-1) to a peptide that binds the
endothelin A receptor, which upregulates integrins
involved in leukocyte rolling arrest and subsequent
trans-endothelial migration.11 MMP9 (and possibly
MMP1, MMP2 and MMP3) have been shown to
degrade a1-proteinase, inactivating its enzymatic
activity but creating two fragments that remain
bound to each other under physiological conditions.
The Mr ¼ 4,200 cleaved a1-proteinase fragment is a
chemoattractant for polymorphonuclear leukocytes.12 MMPs have been shown to cleave

Figure 1. Domain composition of human MMPs. Abbreviations: SS, signal sequence; Pro, propeptide; Fur, furin cleavage site; Cat,
catalytic domain; Fn2, fibronectin type II motif; Lk1, Linker domain type 1; Hpx, hemopexin-like domain; Lk2, linker domain type 2; TM,
transmembrane domain; GPI, glycosylphosphatidylinositol anchor; Cyt, cytoplasmic tail; Cysr-Ig, cysteine rich and Ig-like domain (based
on Nagase et al. 8 and Cauwe et al. 2).
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pro-inflammatory cytokines, leading to their activation. MMP1, MMP7, MMP9, MMP14 and
MMP17 have been shown to activate tumour necrosis factor (TNF).13,14 Interleukin-1 beta (IL-b) is
activated by MMP1, MMP2, MMP3 and MMP9,15
and transforming growth factor-beta (TGF-b) is
activated by MMP3, MMP7, MMP9 and
MMP14.16,17 Cleavage of chemokines by MMPs
can act to either induce or inhibit inflammation.7

The MMP gene family
There are 23 known human MMPs and 23 in the
mouse. Human MMP protein sequences were
retrieved from the HUGO Gene Nomenclature
Committee site (http://www.genenames.org/), and
mouse MMP protein sequences were retrieved
from Mouse Genome Informatics (http://www.
informatics.jax.org/). Table 1 lists all human and
mouse MMPs, along with trivial names, group
identification and chromosome location. In
addition, there is one known human pseudogene,
MMP23A (not listed). Figure 2 is a dendrogram of
human MMPs, showing likely orthology. It is
divided into four groups based on likely phylogenetic relationships. In addition to trivial names,
MMPs traditionally have been designated by
increasing numbers as new enzymes are discovered.
Thus, collagenase, gelatinase and stromelysin were
assigned as MMP1, MMP2 and MMP3, respectively. Some designations (eg MMP4, MMP5 and
MMP6) are not used because each represents a
gene product which was previously given a different MMP number. In most cases, the mouse
enzyme is designated with the name of its human
orthologue, with the following exceptions: human
MMP1 has two shared orthologues — mouse
MMP1a and MMP1b; human MMP26 has no
clear mouse orthologue; and human MMP3 and
MMP10 cluster more closely to each other than to
mouse MMP3 and MMP10.
Also traditionally, MMPs are divided into six
groups based on domain organisation and substrate
preference: collagenases, gelatinases, stromelysins,
matrilysins, membrane-type (MT) MMPs and
others.8 The collagenases (MMP1, MMP8,
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MMP13) were the first to be discovered and may
be considered the prototypical MMPs. These
enzymes can cleave interstitial collagens. MMP2
and MMP14 have the ability to cleave collagen as
well, but are classified differently based on their
domain arrangement. Collagenases contain the
signal sequence; propeptide; catalytic domain with
cysteine switch motif; linker region; and
hemopexin-like domains. Gelatinases (MMP2,
MMP9) have a similar domain composition to that
of the collagenases, but in addition have three
repeats of a fibronectin type II motif, which allows
binding to gelatin/collagen and digestion of gelatin.
The domain arrangement of stromelysins (MMP3,
MMP10, MMP11) is similar to that of the collagenases, but lacks the ability to cleave interstitial
collagens. Stromelysin 3 (MMP11) is unusual in
that it contains a recognition sequence for furintype convertases and is thus activated intracellularly.
MMP11 has limited activity towards ECM substrates.18 Matrilysins (MMP7, MMP26) lack a
hemopexin-like domain. The membrane-type
MMPs can be divided into two groups: those
which contain a type I transmembrane domain
(MMP14, MMP15, MMP16, MMP24) and those
which contain a glycosylphosphatidylinositol (GPI)
anchor (MMP17 and MMP25). All membrane-type
MMPs are activated intracellularly (they contain a
furin cleavage site) and are active at the cell surface.
The remaining MMPs are put into an ‘others’
group. MMP12, MMP20 and MMP27 have structural and location similarities to stromelysins.
MMP23B lacks a hemopexin-like domain (similar
to matrilysins), which is replaced by a C-terminal
cysteine-rich
immunoglobulin-like
domain.
Furthermore, the propeptide of MMP23B is the
only MMP that lacks a cysteine switch — the propeptide region has a transmembrane domain, but it
is in the propeptide and the enzyme is released from
the cell surface upon cleavage. In addition, MMP21,
MMP23B and MMP28 have a furin cleavage site.
For more comprehensive lists of MMP substrates
in vitro and in vivo, see the protease databases
CutDB (http://cutdb.burnham.org) and MEROPS
(http://merops.sanger.ac.uk) and the recent review
of Cauwe et al. 2
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Table 1. List of all human and mouse MMPs, with MMP number, trivial name, grouping by domain composition, grouping by phylogenetic
alignment and chromosomal location.
Group

Mouse

MMP #

Trivial name

Domain

Phylogeny

Human
Chromosome

MMP1

Interstitial
collagenase

Collagenases

A

11q21-q22

MMP1a, 1b

9

MMP8

Neutrophil
collagenase

Collagenases

A

11q21-q22

MMP8

9

MMP13

Collagenase 3

Collagenases

A

11q22.3

MMP13

9

MMP2

Gelatinase A

Gelatinases

A

16q13-q21

MMP2

8

MMP9

Gelatinase B

Gelatinases

A

20q12-q13

MMP9

2

MMP7

Matrilysin 1

Matrilysins

A

11q21-q22

MMP7

9

MMP26

Matrilysin 2

Matrilysins

A

11p15

MMP3

Stromelysin 1

Stromelysins

A

11q22.3

MMP3

9

MMP10

Stromelysin 2

Stromelysins

A

11q22.3

MMP10

9

MMP11

Stromelysin 3

Stromelysins

B

22q11.23

MMP11

10

MMP14

MT1-MMP

Membrane TM

B

14q11-q12

MMP14

14

MMP15

MT2-MMP

Membrane TM

B

16q13

MMP15

8

MMP16

MT3-MMP

Membrane TM

B

8q21

MMP16

4

MMP24

MT5-MMP

Membrane TM

B

20q11.2

MMP24

2

MMP17

MT4-MMP

Membrane GPI

B

12q24.3

MMP17

5

MMP25

MT6-MMP

Membrane GPI

B

16p13.3

MMP25

17

MMP12

Macrophage
elastase

Other

A

11q22.3

MMP12

9

MMP20

Enamelysin

Other

A

11q22.3

MMP20

9

MMP27

–

Other

A

11q24

MMP27

9

MMP19

–

Other

C

12q14

MMP19

10

MMP21

–

Other

C

10q26.3

MMP21

7

MMP23B

CA-MMP

Other

D

1p36.3

MMP23B

4

MMP28

Epilysin

Other

C

17q21.1

MMP28

11

Evolution of the MMPs
To consider the evolutionary relationships between
individual MMPs, a neighbour-joining dendrogram
of human MMPs was constructed using the

Orthologue

Chromosome

alignment tool at http://align.genome.jp/ and default
parameters (Figure 2). There appear to be four
major groups (labelled A, B, C and D in Figure 2):
group A consists of the collagenases, stromelysins (less
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Figure 2. Dendrogram of human (hMMP) and mouse (mMMP) matrix metalloproteinases, showing likely orthology, and divided into
four divergent groups, based on likely phylogenetic relationships.

stromelysin 3/MMP11), matrilysins and macrophage
elastase/MMP12, enamelysin/MMP20, and MMP27;
group B includes all of the membrane-bound MMPs,
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including both the GPI-anchored and transmembrane MMPs, as well as stromelysin 3; group C consists of the ungrouped members MMP19, MMP21
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and epilysin/MMP28; and group D consists of
MMP23B alone.
From our current analysis, a close relationship
between individual mouse and human MMPs
implies that diversification of MMPs occurred
before the two groups diverged 65–70 million
years ago and that human and murine MMPs
evolved in parallel. Similar probable orthology has
been found in various vertebrates — including
human, rat, mouse, rabbit and chicken. In addition
to those found in vertebrates, MMPs have been
found in invertebrates and plants, although these
tend to have much simpler domain structures.
Furthermore, Bacteroides fragilis metalloproteinase
toxin-2 has sequence similarity to the conserved
regions of MMPs, indicating that the origin of
MMPs may be traceable back to bacteria.19
Massova et al. 19 also found similar groupings in
evolutionary analyses of the entire amino acid
sequence and the hemopexin-like and catalytic
domains, indicating that domain assemblage was an
early evolutionary event. In at least one example
(MMP7), it is likely that a domain was truncated.

MMPs in disease
It is well known that the ECM plays a key role in
tissue structure and function, so it is not surprising
that MMPs have been implicated in the pathogenesis and progression of many diseases — including
arthritis, vascular disease, lung injury, cancer and
some neurodegenerative disorders.20 MMPs are
especially likely to play a role in cases where key
events involve matrix degradation and/or inflammation. Uncontrolled MMP activity in rheumatoid
arthritis (RA) damages joints by degrading cartilage
and bone, as well as by stimulating angiogenesis and
inflammation. MMP1, MMP2, MMP3, MMP9,
MMP13 and MMP14 are elevated in the serum
and joints of patients with RA, and MMP9 levels
(from macrophages and neutrophils) have been correlated with RA severity.21 In an antibody-induced
model of arthritis, Mmp9(-/-) knockout mice show
milder arthritis than that in control mice; however,
Mmp2(-/-) knockout mice display a much more
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severe clinical and histological arthritis compared
with that in wild-type controls.22
MMPs play a role in many aspects of wound
healing, including degradation of the ECM, induction of inflammation and recruitment of cells for
re-epithelialisation and angiogenesis.23 Although it
would often be advantageous to limit the inflammatory phase of wound repair, long-term broadspectrum MMP inhibition often leads to slower
wound healing overall.
Among changes to the vasculature, MMP activity
has been linked to aneurysm expansion and
rupture, events in most all stages of development of
atherosclerotic plaque and myocardial infarction,
likelihood of cardiac rupture and disruption of the
blood–brain barrier during stroke.20
Among lung injuries, MMPs have been implicated in acute respiratory distress syndrome
(ARDS) and chronic obstructive pulmonary disease
(COPD), which encompasses both emphysema and
chronic bronchitis.24 MMP1, MMP8, MMP9 and
MMP12 have been implicated in COPD disease
progression.25 MMPs contribute to destruction of
elastic tissues and fibrosis, as well as recruitment
and effects of inflammatory cells. As one example,
Mmp12(-/-) (macrophage elastase) knockout mice
fail to develop emphysema after six months of
exposure to cigarette smoke, whereas wild-type
mice are susceptible.26
There has been considerable interest in the role
that MMPs play in the progression of tumours to
metastatic neoplasms. MMPs are upregulated in the
vast majority of human and animal tumours and
tumour cell lines,27 and it is well known that there
is a link between MMPs and inflammation and
between inflammation and cancer.28 Initially, it was
believed that MMPs were produced and released by
the tumour to degrade the ECM, allowing the
tumour to invade nearby tissues; however, it is now
apparent that MMPs play a more complex role. A
considerable amount of MMP expression in the
tumour microenvironment is by stromal cells (as a
host response) rather than by the tumour cells
directly.29 In addition, MMP cleavage of nonmatrix targets results in promotion or inhibition of
multiple stages of cancer progression — including
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proliferation, survival, angiogenesis, invasion/
migration and immune evasion.30
In neurodegenerative diseases, such as
Alzheimer’s disease and Parkinson’s disease, MMPs
have been shown to play important but complex
roles. MMPs have been shown to increase blood –
brain barrier permeability that can cause oedema,
haemorrhage and cell death and is thought to play
a role in white matter damage.31 In Alzheimer’s
disease, ADAMs contribute to the formation of
amyloid-b peptides, and MMPs (especially MMP9)
function in their clearance; drugs that affect both
classes are likely to have complex effects.32 In
Parkinson’s disease, MMP3 is released from apoptotic neurones in vitro. MMP3 degrades extracellular
macromolecules, but also induces microglia to
release TNF, causing further neuronal death.33
Although there is a large body of evidence
implicating various MMPs in disease pathologies,
MMP inhibitors (MMPIs) have proved problematic.
A number of clinical trials using MMPIs, especially
in cancer, have failed spectacularly, for a number of
reasons.29,30 Many of the trials failed because of
poor efficacy and adverse effects. Often, these were
attributed to off-target effects of broad spectrum
inhibitors. In many of the disease models listed
above, one MMP provides protective effects while
another causes disease symptoms; inhibiting both
produces a complex spectrum of results, at best.
Another reason for failure in cancer trials is poor
design. MMPIs are cytostatic and, therefore, using
the same measures of efficacy as with cytotoxic
compounds will not yield clear results. Another
problem with cytostatic treatments is the requirement for early and long-term treatment; side effects
are thus unacceptable. Many off-target effects have
been attributed to off-target MMP inhibition or
inhibition of non-MMP metalloproteinases
(especially the ADAMs and ADAM-TSs).

Conclusions
The MMP family plays important roles in many
physiological functions, including ECM remodelling, cell growth/proliferation and inflammation:
over- or under-expression has been associated with
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many disease states. The family consists of 23 genes
in humans and 23 genes in mice, which vary in
substrate specificity and expression levels in the
body. Although clinical trials have failed in the past
decade, there is still interest in trying to inhibit
specific MMPs, although targeted and careful use is
warranted.20 Often in the same disease, different
MMPs act in disease progression while others act to
suppress the disease state; it is therefore important
to understand the effects of each MMP that is
inhibited and its role in the pathogenesis of the
disease.
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